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THERMAL AND FLOW CHARACTERISTICS
OF THE ASTM E 84 TUNNEL TEST METHOD

James G. Quintiere and James W. Raines

Five experiments were conducted using an
ASTM E 84 tunnel test facility. These included a
calibration test, three standard tests involving
carpet materials, and one test in which a carpet
material was tested on the floor of the duct. 1In
addition to the measurements recorded during a
standard test, instrumentation was added to measure
inlet air velocity, temperature within the test
section of the duct, and heat flux. From these
measurements mass and energy balances were deter-
mined for each experiment. The results indicate
that inlet air mass flow rate dropped during a
test and appears to depend on the extent of burning
in the duct. The energy balance results indicate
that for the calibration run about half of the
energy of the gas burner is lost by radiation and
convection to the walls in the test section of the
tunnel. During combustion of a test specimen,
significant energy losses occur in the last 9 feet
of the test section even after the flame tip has
reached the exit of the tunnel.

Key words: ASTM E 84; carpets; energy balance;
flame spread; mass balance; test method.

1. INTRODUCTION

Many building code and regulatory agencies set flamma-
bility acceptance requirements for interior surface lining
material based on performance established by the ASTM E 84-70
[1]! tunnel test method. Essentially, the test consists of
burning a material on the ceiling of a 25-foot duct under an
initial air speed of 240 ft/min and an ignition exposure of
5,000 Btu/min. Classification of a material is expressed in
terms of a comparative rating system for the categories of
flame spread, fuel contribution, and smoke production. The
method originated at Underwriters' Laboratories and was first
described by Steiner in 1943 [2]. In 1950 it was approved by
ASTM as a "Tentative Method."

INumbers in brackets correspond with the literature references
listed at the end of this paper.
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In recent years, a concern for carpet flammability has
focused attention on the applicability of the "tunnel test"
(ASTM E 84) in determining the flammability performance of
floor coverings. In 1972, the National Building Code of
Canada [3] adopted a modified version of ASTM E 84 for use in
evaluating materials designed for floor application. Essen-
tially, the modification consists of mounting the specimen on
the floor of the tunnel and directing the ignition flame down-
ward onto the material. Presumably, this change overcomes
some problems associated with testing a flooring assembly
mounted in a ceiling orientation. Another consideration, not
restricted to flooring materials, concerns the variability of
results from the tunnel test. Lee and Huggett [4] reported
on an interlaboratory evaluation of the test method. They
reported the variation in test performance within and among
eleven laboratories. Other studies, by Endicott and Bowhay
[5]1 and Groah [6], examined the effect on test performance of
system variables.

In the present study, measurements of velocity and tem-
perature were made during four tunnel tests. The sample
materials were carpets. The purpose of the experiments was to
assess the applicability of the tunnel test for measuring the
flammability performance of floor covering materials. This
subject has been discussed by Quintiere and Huggett [7], and
it will not be pursued any further here. The present report
deals with the results and analysis from these experiments
which serve to characterize the thermal and flow conditions
during a tunnel test.

2. DESCRIPTION OF EXPERIMENTS

The tunnel tests were conducted using the test facility
[1] operated by the Hardwood Plywood Manufacturers Association
in Arlington, Virginia. The instrumentation used in these
experiments is shown in figure 1. An array of five pitot tubes
was located in the plane of the rectangular orifice opening at
the entrance of the tunnel. This arrangement would then pro-
vide a convenient means of determining total air inflow rate.
Each pitot tube was connected to a pressure transducer which
had been calibrated over a range of 0 to 0.1 inch of water.
These calibrations showed a linear relationship between
transducer voltage output and pressure difference. Arrays
of thermocouples were positioned within the test section and
at the end of the flame spread zone of the tunnel. At each
station five thermocouples were arranged vertically 2 inches
apart. Two thermocouples (Nos. 4 and 5) at section A-A (see
fig. 1) attempted to measure the lateral variation in temper-
ature; however, the support for these two thermocouples
melted during the tests and these temperature data were
disregarded. Bare chromel-alumel thermocouples were used.
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A radiometer (with a sapphire window) was located 16 feet
from the ignition burner and was positioned on the floor of
the tunnel to view the burning specimen.

Five tests were run. Each test was conducted in the
standard manner prescribed by ASTM E 84-70 [1] with one
exception. The exception was the last test conducted, which
mounted and directed the igniting burners downward to impinge
a flame onto the floor. A description of the experiments
and test materials is given in table 1. The same specimen
materials were tested in experiments 4 and 5 to compare the
standard ceiling-mounted results with a floor-mounted configu-
ration.

All data were recorded on a digital data acquisition sys-
tem over a time span for the standard test of 10 minutes dura-—
tion. 1In experiment 1, velocity data were not recorded, and
the radiometer was not used in experiment 5. A complete scan
of all data channels was made each 10 seconds during the test
and the resulting data were processed by computer.

3. RESULTS AND ANALYSIS

The flammability classification results are given in
table 2. The classification results are based on measurements
and observations recorded during a standard ASTM E 84 tunnel
test. The prescription for determining the classification
indices is described in reference [1]. The flame-spread
classification is derived from observations of the flame tip
as burning progresses along the sample. These results are
plotted in figure 2. The "fuel factor" is based on the
temperature-time curve of a thermocouple located at the exit
end of the test chamber and 1 inch below the test specimen.
These temperature curves are shown in figure 3. The smoke
density factor given in table 2 is derived from the integral
of light attenuation by the combustion products over the 10
minute duration of the test. All three of these classifica-
tion indices can, in theory, be related to more quantitative
flammability parameters such as rate or extent of flame spread,
rate of energy release, and rate of smoke or particulate
production. However, the interpretation and application of
such quantitative parameters derived from the tunnel test
remain to be specified.

The measurements taken beyond the standard test data
are tabulated in appendix A. These data were analyzed to
estimate the mass rate of air supply and the overall energy
transfer rates in the tunnel.



.Ams\mx 6€€0°0 = 7zPA/z0 T ‘W $4Z0°0 = YdUT T

:S3ITUN IS O3 UOTSIDAUOD)

o1dwes
pe3unou-I00TJd

*UOT3RUDTSOP 3593 UOTILTOOSSY SIDAINIORINUBRK POOMATd POOMpPIRH
*

(,pA/zo gg ‘o3nl-atey) ped e yaTM

vamwNo 68 ‘dooT T®ea®T1) 32daed uoTiN LLE-L S

3s93 paepuels Amvm\uo ¢g ‘®nl-atey) ped e yitm
Amum\uo 68 ‘dooT 12a9T1) 3odaeo uolAN vLE-L ¥

3S93 paepuesis Amv»\no GS ‘®3nl-atey) ped e yztm
Amvh\uo 9, ‘dooT T°a®T usaom) 32died TOOM GLE-TL €
31S93 paepue3lsg ANUM\NO GG ‘dooTl ToasT) 3adaeo susaTAdoadiTog 9.L€-1L 4
Nse3} uorjeaqried pIeoq juswed-sol}saqse Yout §/1 - 1
S3 USuo) uswtoads 3s9g *ON *ON
YWdH "3dx3

sjuswutaadxyg jo uotidraosag T oTgelL



Table 2. Classification Results

]
t
i

Flame-spread | Fuel Contri-| Smoke Density:

Test Classification| buted Factor Factor
[}
Polypropylene i
carpet; T-376 69 20 110 !

Wool carpet;
T-375 197 84 297

Nylon carpet;
T-374 169 69 243

Nylon carpet, floor-
mounted; T-377 107 78 565

3.1. Mass Flow Rate of Air

The velocity data taken at the slit was used, in part, to
determine the mass flow rate of air supplied to the tunnel
test section. The mass flow rate was calculated by using

m, = fpVdA (1)
which is approximated by
3
lha = Pa mz ViAi (2)
1=1
The velocity is assumed to be uniform over each of three equal
area segments, Ai (3 1/8" x 6"). Channel 16 was disregarded,

and channels 14 and 18 were averaged for one area segment. The
result of these approximations yields

vV, ,+V 1b
_ 14 "18 m
ma = 0.130 pa(YlS * — 3t Vl7>min (3
_ 3
where Py = 0.0746 lbm/ft
and V = velocity at the indicated channel location (ft/min).



The results for the four test runs are shown in figures
4a~-d. It should be pointed out that the initial tunnel flow
rate, corresponding to test section conditions of 240 ft/min
and 21°C, is 25.4 1lb/min. Note that in each test the air velo-
city decreased over most or all of the tests and that this
decrease ranged from about 19 to more than 28%.

3.2. Energy Balance

By using the temperature profile data at the 15 and 24
foot stations in the test section along with the measured air
supply rate, several energy balances can be made to estimate
the magnitude of the energy flows in the tunnel. An energy
balance applied to a control volume encompasing the test
section space, bounded by the walls of the duct and stations
1l and 2, where station 2 is downstream of 1, is given approxi-
mately as

macp(Tz—Tl) =E-Q (4)
where Tl 5 is an effective temperature,
’
E is the energy release rate due to combustion, and
Q is the conductive wall heat loss rate and radiative

L loss rate.

The mass of gas from the burners and the pyrolysis mass
flow from the burning sample are small compared to the air
supply and were neglected in the energy balance. The gas
burner fuel contribution is about 5,000 Btu/min based on a
design specification of the test method. Actually, for these
experiments the gas flow rate to the burner indicated an aver-
age of 4,750 Btu/min based on a lower heating (net) value and
5,280 Btu/min based on a higher heating (gross) value. The
5,000 value was used in the subsequent calculations, although
it is probably more correct to use 4,750 Btu/min. An average
value of cp was taken to be 0.202 Btu/1b°R which corresponds

to nitrogen at 427°C. An effective temperature was determined
by an area-weighted average. For example, at station B

o210t Tt Tip  To * Thg -
B 3 )

This would correspond to a bulk temperature, provided the mass
velocity (pV) is equal over the duct cross section. It would



overestimate the bulk temperature if velocity (V) were equal
over the cross section. The results of several enerqgy bal-
ances will be given.

Figures 5 and 6 show the convective enthalpy flow rates
at stations A and B, respectively, for the calibration test.
In both cases (A and B) the energy loss rate is given by

Qi=5,oool3_‘.'-_‘l-mc

min a p(Tl - Tm)r l = AIB (6)

where a constant ma = 25.4 1b/min was used. It is seen that

for a 5,000 Btu/min burner energy release rate, more than 2,000
Btu/min is lost before station A, and an additional 600 Btu/min
loss is incurred between stations A and B.

Figures 7a through 7d display the net energy loss rate for
a control volume bounded by sections A and B. The net energy

loss rate is the difference Q, - E and was determined by

o " E = macp(TA - TB

Q ) (7)
In Figure 7a, the calibration run, no energy release takes
place between A and B; hence, only the loss associated with the
burner is displayed. 1In figures 7b and 7c it is interesting to
notice that a net energy production rate is not established
between A and B until well after the specimen flame has reached

the end of the duct.

4. CONCLUSIONS

Velocity measurements and calculations have shown a drop
in air supply rate during burn in the ASTM E 84 tunnel test.
The drop in air flow was at least 19 percent in all of the
cases tested. It is not known if this drop in flow is associ-
ated with a temperature rise in the duct [7]1, mass transfer by
the specimen, or whether it is peculiar to a particular tunnel
facility. Moreover, it is not known what effect this reduction
in oxygen supply has on tunnel flame spread and smoke measure-
ments.

The energy balance calculations give some insight to the
magnitude of energy flows in the tunnel. There appears to be
a substantial loss of energy near the burner flame. Also, the
energy losses appear to be significant during burning, at least
during the time period in which the flame has not yet reached
the end of the duct.
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APPENDIX A. TABULATION OF DATA

The temperature, velocity, and heat flux data are tabu-
lated for each experiment. Table A-1 lists the data channel
numbers and corresponding sensors as indicated in figure 1.
Tables A-2 through A-6 list the data taken for each experiment.
In some cases data were faulty or changes were made in sensor
location. 1In all the experiments channel 16 yielded erroneous
velocity data due to an improper installation. Channel 14 in
experiment 2 appeared, initially, to give an erroneously high
output. In experiments 1 through 4, the thermocouples on
channels 4 and 5 may not have remained in position and these
data should be regarded with caution. In experiment 5, thermo-
couples 4 and 5 were relocated to measure temperature near the
ceiling and at the carpet surface, respectively. Also, in
experiment 5 some thermocouples apparently did not function
properly, and the heat fluxmeter was not used. Finally, it
should be noted that velocity and heat flux measurements were
not taken in experiment 1.
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APPENDIX B. SI CONVERSION UNITS

In view of present accepted practice in this technolog-
ical area, U.S. customary units of measurement have been used
throughout this report. It should be noted that the U.S. is
a signatory to the General Conference on Weights and Measures
which gave official status to the metric SI system of SI units
in 1960. Readers interested in making use of the coherent
system of SI units will find conversion factors in ASTM Stan-
dard Metric Practice Guide, ASTM Designation E 380-72 (avail-
able from American Society for Testing and Materials, 1916
Race Street, Philadelphia, Pennsylvania 19103). Conversion
factors for units used in this paper are:

Length
*
1l in = 0.0254 meter
*
1l ft = 0.3048 meter
Area
1 in% = 6.4516" x 10™% meter?
1 £ft2 = 9.2903 x 10~2 meter?
Mass

1l 1b = 0.454 kg

Pressure

1l in of H20 = 248.8 Pa

Energy
1 Btu = 1054 J

Temperature
°C = 5/9 (Temperature °F - 32)

Power
1 Btu/min = 17.57 W

%*
Exact Value

20



E-284 INSTRUENTATION (16T TO SCALE)

A~ B
| B
T 1
| |
| t
: |
AIRFLOW . |¢ 19
=== ¢t (OBURNER !” RADIOMETER !
|
A ! B -
a— | ' -3
toor——— 1§
e 16’ )
v — 24 -
le——— | 5' — ]
2 ° 9
G 3 [ T 10 j
6 — 1
7 12 «
8 . 13
SECTION A-A | " SECTION B—B
TC LOCATIONS @ 15° TC LOCATICNS @ 24'
[ L5'———4r
Y
FUR T E— 5 THERMOCOUPLES 2-13
i E o . PITOT TUBES 14-18
SECTION C-C b RADIOMETER 19
PITOT TUBE LOCATIONS @
AIR INTAKE
Figure 1. Schematic of instrumentation. (1 in = 0.0254 m,

1 ft = 0.3048m).
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